The CALPHAD approach is applied to kinetic studies of phase transformations and aging of prototypes of Ni-Cr-Mo-based alloys selected for waste disposal canisters in the Yucca Mountain Project (YMP). Based on a previous study on alloy stability for several candidate alloys, the thermodynamic driving forces together with a newly developed mobility database have been used to analyze diffusion-controlled transformations in these Ni-based alloys. Results on precipitation of the Ni 2 Cr-ordered phase in Ni-Cr and Ni-Cr-Mo alloys, and of the complex P-and σ-phases in a surrogate of Alloy 22 are presented, and the output from the modeling are compared with experimental data on aging.
Introduction
In Part I, several aspects of the statics of phase formation and transformation in Ni-Cr-Mo-based alloys, including Alloy 22 selected for the Yucca Mountain Project (YMP), have been presented together with the thermodynamic database that has been adapted for this series of alloys [1] . The current design assumes that radioactive waste will be deposited at the proposed Yucca Mountain site in waste disposal canisters that may have the surrounding space between canisters filled with another material to slow down or prevent the possible seepage of waste into the local environment.
These waste disposal canisters must survive local environmental conditions as well as conditions exacerbated by the radioactive waste itself. The YMP requires that the design and manufacture of the waste containment system that will prevent the leakage of nuclear waste into the environment must be stable over a period of 100,000 years. Hence, to design these waste canisters, decisions must be made as to the materials the canister should be manufactured from as well as the construction and design of the canisters. Kinetics studies of phase transformations in these alloys constitute one critical aspect in the selection process. In particular, the formation of the oP6 ordered phase (of Ni 2 Cr-type, or C11 b ) and of the Frank-Kasper or tcp (tetrahedrally close-packed) phases (in particular σ and P) over long time must be examined. Indeed on one hand, the ordering transformation that takes place in these Ni-Cr-Mo-based alloys has been linked to an increased susceptibility to stress corrosion cracking (SCC) and hydrogen embrittlement. Hence, it is of great relevance to predict the rate at which long-range order is occurring in Alloy 22 under repository conditions. On the other hand, the Frank-Kasper phases P, µ, and σ are present in the weld metal in the as-welded condition. These phases are known to cause embrittlement, especially at grain boundaries where their nucleation starts. Although it may be possible to eliminate these phases through heat treatment, this may be difficult for the closure weld since the spent-nuclear-fuel cladding cannot be heated to more than 350 o C. These analyses will determine if the precipitation that occurs during the welding process has a significant effect on weld properties. If the weld properties are found to be adequate, it will be determined whether aging of Alloy 22 welds causes the precipitates to change in such a way that the properties are affected.
To achieve these goals, and since these phase formations are diffusion controlled, the DICTRA (Diffusion Controlled TRAnsformation) application software [2, 3] is well suited for these studies.
In section 2 diffusion modeling is briefly presented. Then, in section 3, a modification of the mobility database is presented to account for available experimental data on the binary Ni-Cr alloy and the formation of an oP6 ordered phase from the face-centered cubic (fcc, or A1) matrix. In section 4, the results are validated in the case of a ternary Ni-Cr-Mo alloy with results on Temperature-Time-Transformation (TTT) curve. For an additional alloy composition of the ternary alloy that represents a reasonable surrogate of Alloy 22, the TTT results are presented for the transformation from the fcc matrix to the oP6 ordered phase. In section 5, the TTT results of the fcc to P and fcc to σ transformations are discussed for this surrogate ternary system. Finally, conclusions are drawn in section 6.
Diffusion modeling of phase transformations
Process simulations require the development of a kinetic description of alloy systems, i.e., the knowledge of the mobility of the species in individual phases [4] [5] [6] . The models that relate the mobility and diffusivity are based on the generalized Onsager flux equation. As an example, for a phase consisting of a substitutional sublattice and an interstitial sublattice, the intrinsic diffusion coefficient, D kj (the diffusivity of component k with respect to the gradient of component j), is related to the atomic mobility M i (i for all the elements in a phase) with the following formula [3, 6] 
where i ! S denotes that component i is substitutional and i ! S interstitial. x k is the mole fraction of component k. µ i is the chemical potential of component i derived from the Gibbs energy of the phase. The variable y Va represents the site fraction of vacancy in the interstitial sublattice. The mobility M i associated with species i is further related to a frequency factor M i 0 and composition by the following equations [3, 6] ! The MOB database that contains the mobility and the diffusion coefficient of the Cr species in a fcc-Ni matrix has been adjusted to account for the kinetics of transformation studied experimentally by Karmazin [7] , as discussed in the following.
The property diagram of Ni 2 Cr presented in Fig. 3 for the two phases, i.e., the fcc-solid solution and the oP6-ordered phase, clearly indicates that the order-disorder transition temperature is about 826 K (or 553 o C), and this information will determine the asymptotic behavior in temperature of the TTT curve. The MOB database, produced by Thermo-Calc AB, contains assessed data for the diffusion coefficients and the mobilities of concentrated alloys. Equations (4) and (5) for the fcc phase of the 
The only remaining parameter to be chosen is the cell size that represents the distance over which the solute atoms must occur during the formation of the product phase. In the original calculation [9] this distance was chosen to be 100 µm. This choice together with the validated database C22R2m.TDB database discussed in the appendix of Ref. [1] , and the mobilities displayed above resulted in transformation rates that were 1x10 -6 times smaller than those measured [7] and shown at 500 o C in Fig. 2 . It should be noted that the cell size also determines the number of nucleation sites per unit area (volume): the smaller the cell size the larger the number of nucleation sites. Accordingly, the mobility values indicated in Eqs. (4) and (5) were amended as shown in Eq.
(6) and designated as database nicrt2mob.TDB.
This database in combination with the aforementioned C22R2m.TDB were used, together with a cell size of 100 µm, to calculate the transformations of the fcc phase to P-phase, σ-phase, and oP6.
Hence the quantities given in Eq. (2) 
Note that the mobility M i associated with species i is directly related to the tracer diffusivity by means of the Einstein relation: D i ! = RTM i . The results shown in Figs. 4 and 5 and in Table 1 have been obtained with this amended mobility database.
It is worth mentioning that Eqs. (4) and (5) can generate identical results if a cell size of 0.3 µm is used in the calculations as those derived with nicrt2mob.TDB and a cell size of 100 µm. The physical choice between these two sizes can be made on the basis of the following observations.
First, Karmazin on pages 248 and 249 of Ref. [7] noted that the Ni-Cr ingots that he measured were ground and particles that were less than 60 µm placed in fused silica capillaries, rinsed in Argon at 200 o C, evacuated and sealed. He concluded that the individual grains in the X-ray samples recrystallized at 1100 o C and quenched prior to transformation consisted of independent relatively single crystals with almost free surfaces. In addition Fig. 6 shows a photomicrograph of the Wrought Alloy 22 used in recent transformation studies [9] that suggest a grain size much larger than 0.3 µm and closer to 100 µm.
Fcc to oP6 transformation in Ni x (Cr 3 Mo) 1-x alloy
In this section, the results for the kinetics of transformation from a fcc matrix to the oP6-ordered phase are reported for two alloy compositions, using the ni2crt2mob.TDB database described in section 3 and a cell size of 100 µm. In the following, all compositions are in wt. % unless otherwise specified.
Fcc to oP6 transformation in a Ni-20.78 Cr-12.78 Mo alloy
This alloy composition corresponds to 24 at.% Cr-8 at.% Mo, i.e., a ratio 3:1 for Cr:Mo. The property diagram of this alloy is shown in Fig. 7 and indicates that the order-disorder transition temperature is about 627 o C. sheet of Alloy 22 [9] .
The calculated kinetic results for 5, 10, and 20 % transformation from the fcc-solid solution to oP6 for Ni-20.78 Cr-12.78 Mo that are shown in Table 2 and Fig. 8 can be directly compared with those reported by Karmazin [10] in Fig. 7 The experimental point (solid square) at 560 o C indicated in Fig. 9 has been deduced from the experimental study of the variation of the lattice parameter with time under isothermal annealing condition [10] . The results displayed in Fig. 9 show that, first, the thermodynamic driving force at this alloy 
Fcc to oP6 transformation in a Ni-21.1 Cr-13.5 Mo alloy
For this alloy the property diagram displayed in Fig. 10 indicates that the order-disorder transition temperature is about 627 o C. For this series of calculations the case of a ternary Ni-Cr-Mo alloy is considered that can represent a surrogate of Alloy 22, with the following nominal composition: 55.7 Ni, 21.1 Cr, and 13.5 Mo. Three transformations were considered: the fcc matrix to the oP6-ordered phase, the fcc matrix to the P phase, and the fcc matrix to the σ phase. The corresponding property diagrams associated with only the fccbased matrix and the transformed phase (oP6, P or σ) considered in the calculations are displayed in Fig. 13 . Note that in the study of the kinetics of oP6-phase formation 7.5 wt.% Mo instead of 13.5 was considered. This reduction in Mo accounts for the role of W in destabilizing the ordered phase as was discussed in Part I [1] . Moreover, in all of these calculations the cell size was fixed at 100 µm and the C22R2m.TDB and nicrt2mob.TDB databases were once again used.
Kinetics of transformations in a surrogate of Alloy 22

Fcc to oP6 transformation in a Ni-21.1 Cr-7.5 Mo alloy
In this subsection, the kinetics of transformation from a fcc matrix to the oP6-ordered phase is studied for a Ni-21.1 Cr-7.5 Mo alloy. This alloy composition accounts for the destabilizing effect of W on the oP6 -ordered phase, as discussed in section III.6 of Part1 [1] . The property diagram of this alloy is presented in Fig. 13 (left panel) and indicates that the order-disorder transition temperature is about 596 o C. Table 4 and Fig. 14 
Fcc to P-phase transformation in a Ni-21.1 Cr-13.5 Mo alloy
In this subsection, the kinetics of transformation from a fcc matrix to the P phase is studied for a Ni-21.1 Cr-13.5 Mo alloy at various temperatures. The property diagram of this alloy has been presented in Fig. 13 (middle panel) and indicates that the transformation temperature is about 836 o C. Table 5 and Fig. 16 refer to the results that will be summarized in Fig. 18 (top figure) . Table 6 and Fig. 17 refer to the results reported in Fig. 18 (bottom figure) . with transformation rates of 2 (red), 5 (green), and 10 (blue) % for P, and 2 (red), 5 (green), and 10 (blue) % for σ phase transformations.
In Fig. 18 , the TTT diagrams associated with the fcc to P, and fcc to σ transformations are displayed. The transformation from the fcc-based matrix to the P phase leads to results that are compatible with the qualitative observations performed at LLNL [11] , as shown in Fig. 19 . In contrast to the transformation from the fcc-matrix to the oP6-ordered phase that is rather slow, the incipient formation of the P phase is quite fast (a few hours in bulk samples). However, as was concluded, above the extrapolation of the TTT curves to lower temperatures clearly indicates the impossibility of forming the P phase from the fcc-solid solution below 300 o C for as long as 100,000 years. To support the conclusions summarized in Fig. 19 , Table 7 shows the results based on volume fraction measurements that were used to determine the extent of phase precipitation as function of time and temperature in Alloy 22 [12] . Table 7 . Bulk precipitation area fraction measurements (% transformation) in Alloy 22 [12] .
The results of phase fraction-versus-time at 700 and 750 o C for the fcc to P transformation directly obtained from simulations are reported in Fig. 20 together with those summarized in Table   7 for comparison. Table 7 ).
Kinetic calculations are performed at a given temperature and the parent and product phases have to be explicitly specified. Hence, the comparison with experiments calls for some caution.
Indeed, first the volume-fraction measurements do not distinguish among the possible tcp phases (P, µ, and/or σ) that have formed, and second, the results only display one type of phase fraction at a time. As a result, Fig. 20 compares the P-phase fraction predictions with the tcp volume-fraction measurements, as the P phase is the most likely to form at these temperatures and during these times. At high temperatures and long aging times, more phases in addition to the P phase may form, which would increase ambiguity in the comparison. As a result, in order to make the comparisons as consistent as possible, only a few volume-fraction measurements from Table 7 were included.
Note that according to Fig. 13 (middle panel) , the maximum P-phase fraction as a function of temperature indicates that some of the results in Table 7 refer to more than a single P-phase precipitation, possibly σ at high temperatures. For example the experimentally determined volume fractions at 760 o C on samples aged for 16,000 hrs or at 800 o C for 1,002 hrs (see Table7) are beyond what is expected for the single P phase at these temperatures as reported in Fig. 13 (middle panel).
As noted in Fig. 20 , the agreement between the simulation results and the volume-fraction measurements is satisfactory at both temperatures. The comparison shows that the computational results are conservative compared to the measured data, since the later are always located to the right (i.e., at longer time) of the simulation results. Therefore, the computational model predicts slightly earlier phase formation than what is measured at a given temperature. This conservative prediction is expected because the simulation results are based on a ternary Ni-Cr-Mo alloy, 55.7Ni-21.1Cr-13.5Mo (in wt. %), which is a surrogate for Alloy 22. Note that Alloy 22 contains less Ni (the balance of Ni will be less due to more elements specified in the actual chemical composition of Alloy 22) than the surrogate alloy considered here. Also, if others tcp phases form in Alloy 22, the kinetics of P-phase formation is expected to be slower, which is what the results reported in Fig. 20 tend to indicate.
It is worth noting that before any conclusion can be decisively drawn from this study, validation of the predictions by a quantitative analysis of phase formation in samples annealed at various temperatures and for several aging times for ternary Ni-Cr-Mo alloys that well represent Alloy 22 would be welcome. Note also, that in these calculations, phase precipitation at grain boundaries is not considered, i.e., the results only apply to bulk formation and homogeneous phase evolution.
In the future, after the experimental conditions that control welding are established (composition of the filler, thermal history and temperature gradient), the DICTRA application will be used to address issues on phase formation and evolution under non-isothermal conditions in Alloy 22.
Conclusions
The CALPHAD methodology that has been applied to the study of the statics (stability) in Part I [1] has been extended to the study of kinetics (aging) of phase formation and evolution in Ni-based alloys. The kinetic database has been validated for the fcc to oP6 transformation in Ni-33 at.% Cr and in a pseudo-binary Ni-(Cr,Mo) alloy.
Based on these calculations it was found that the kinetics of long-range order formation occurs at relatively low temperatures, and therefore, at these temperatures, the slow diffusion process does not favor the formation of the ordered phase of Ni 2 Cr-type. It is therefore very unlikely that the ordered phase will form under repository conditions, i.e., below 200 o C, even for as long as 100,000
years. Finally, alloys homogenized at high temperature and quenched at relevant repository conditions should not display any deleterious phases, such as P and σ, since the kinetics of their formation is rather slow. In other words, fast cooling of Ni-Cr-Mo-based alloys annealed at high temperatures will be sufficiently efficient to avoid the precipitation of the ordered and tcp phases.
Once again, it should be kept in mind that the formation of complex phases at grain boundaries usually occurs faster, and some caution is advised before drawing final conclusions based solely on the present work.
